Surface polishing on quarts crystal blanks is required to eliminate frequency spurious caused from the boundaries of their rectangular shape. Usually, bi-convex form obtained by the barrel polishing is the most common solution for this requirement, however, finishing time from 200 through 300 hours for 5000 blanks remains as a problem in productivity. We have proposed a fixed abrasive polishing method to make the polishing time short, and confirmed a short polishing time of 9 hours.
To realize shorter polishing time, barrel polishing is no longer effective, because the duration of abrasion is not continuous depending on the stirring condition of the blank and weight in the rotary barrel.
Another solution is polishing the blanks individually by pressing them to the inner surface of the rotary barrel shown in Fig.1 , which secures a continuous polishing and typical polishing process for cylindrical lenses. In the process, surface of plano-cylindrical rather than bi-convex is obtained, however, it does not become a problem as long as the quality of the frequency response is compatible. Also for increasing the productivity, an arrayed blanks fixed on a plastic sheet is useful as it realizes an easier blank handling. A rotary cylinder with a press board is developed to polish the arrayed quarts crystal, resulting in a short polishing time of 10min for five blanks with a surface radius of 60mm.
The surface radius formed on the crystal blanks should be smaller as the blank size become small (2) . In this case, rotary cylinder mechanism has disadvantages such as the difficulty in abrasive sheet exchange inside the narrow cylinder and the insertion of the press board. A running abrasive belt and cylindrical vacuum chuck shown in Fig.2 solved this problem simultaneously. The fastest polishing time of 10s is obtained for a 1.5×0.9mm blank with a surface radius of 40mm, together with the spurious elimination. In the experimental setup, the adhesive tape are fixed on the vacuum chuck directly without feeding motion only to examine basic abrasive characteristics. Quartz crystal blanks with a size of 1.5 x 0.9 x 0.113mm is used for the experiments. The cylinder radius is set to 40mm. In the experiment, one blank is set at the center of the chuck and polished in 10s with a belt speed of 293mm/s. The interferogram of the surface is compared in Fig.3 together with the frequency spectrums measured by a spectrum analyzer. From the comparison of the spectrum charts, spurious elimination above 17MHz and resonance enhancement are confirmed in the polished blank, although the resonant frequency is shifted slightly high because of the thickness reduction by the polishing. 
Non-member
Surface polishing is required for small crystal blanks to eliminate frequency spurious generated by the infinite rectangular shape. From the productivity viewpoint, bi-convex or plano-cylindrical surface are generally used to realize the energy trapping at the central part of the blanks. So far barrel polishing is the common fabrication technology to obtain bi-convex surface, however, the surface is finished insufficiently and fabrication process takes longer time as the blank size becomes small. To solve this difficulty, two types of new surface micro-polishing mechanisms with fixed abrasive and arrayed blank arrangement are experimentally examined to obtain plano-cylindrical surface. The fastest finishing time of 10 s for a blank is achieved together with the spurious elimination.
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Introduction
Surface polishing on quartz crystal blanks is required to eliminate frequency spurious -unnecessary peaks, caused from the boundaries of their rectangular shape (1) . Usually, bi-convex form obtained by the barrel polishing is the most common solution for this requirement (2)(3) , which enables energy trapping effect enhancing the main vibration at the center of the blank. However, finishing time from 200 through 300 hours for 5000 blanks remains as a problem in the actual production. We have proposed a fixed abrasive polishing method to make the polishing time short, and confirmed a short polishing time of 9 hours (4)(5) .
Another solution is polishing the blanks individually by pressing them to the inner surface of the rotary barrel, which secures a continuous polishing and typical polishing process for cylindrical lenses. In the process, surface of plano-cylindrical rather than bi-convex is obtained, however, it does not become a problem as long as the quality of the frequency response is compatible. Also for increasing the productivity, an arrayed blanks fixed on a plastic sheet is useful as it realizes an easier blank handling. A rotary cylinder with a press board is developed to polish the arrayed quarts crystal, resulting in a short polishing time of 10 min for five blanks with a surface radius of 60 mm.
The surface radius formed on the crystal blanks should be smaller as the blank size become small (2) . In this case, rotary cylinder mechanism has disadvantages such as the difficulty in abrasive sheet exchange inside the narrow cylinder and the insertion of the press board. A running abrasive belt and a cylindrical vacuum chuck solved this problem simultaneously. The fastest polishing time of 10 s is obtained for a 1.5 x 0.9 mm blank with a surface radius of 40 mm, together with the spurious elimination. In this paper, two types of the polishing mechanism and experimental results are shown for demonstration of their usefulness.
Quart Blank Surface
Fig .1 illustrates the geometry used for the quartz blanks with a length D in plano-convex and plano-cylindrical surface polishing. The energy trapping area d e , which is actually used as the electrode, has a relationship expressed as (6) From the equation, h is calculated as 26 µm for D=3.5 mm, R=120 mm and 7 µm for D=1.5 mm, R=80 mm respectively, which means a precise polishing is required as well as fast machining and handling. In the real fabrication, the area of d e is usually kept flat for electrode formation, smaller height h' is used as chamfers at the both ends of the blank. Fig. 2 illustrates the principle of polishing mechanism. Crystal blanks are fixed on an adhesive plastic sheet in an arrayed arrangement, and then the sheet is once more fixed on the elastic pad on the press board. The sheet surface except the blanks are covered with a thin plastic film so that adhesion force does not work on the abrasive.
Rotary Cylinder with Compression Board

Principle of Polishing
And then, the press board is inserted into the cylinder, and polishing is performed by the rotation of the cylinder with an appropriate pressure. At the beginning of the process, the blank is polished at the both corners because it is submerged into the elastic pad. As the process goes on, the blank is pushed out from the pad, and it will have a cylindrical surface with the cylinder radius.
Compared with conventional barrel polishing, shorter process time is expected by the continuous contact between the blanks and the abrasive. Although the arrangement of the blanks are added to the process time, the possibility of faster polishing time and the increased number of the blanks on a sheet may compensate for the overall process time. Also from the practical viewpoint, the plano-cylindrical surface have advantages in electrode fabrication and chip mounting.
Experimental Mechanism
The mechanism is illustrated in Fig 3. The rotary cylinder is made of an transparent acrylic acid resin for observation convenience with a radius of 120 mm and a length of 200 mm. The abrasive sheet is fixed to the inner surface of the cylinder by a both sides adhesive tape to make a butt joint for smooth abrasion. The cylinder is supported by urethane coated rollers for silent operation, and rotated by a dc geared motor with a drive roller. At the both ends of the cylinder, flanges are prepared for wet abrasion, which can store water as high as 5 mm. The press board is cut from an aluminum pipe with a central angle of 120 degree, and it has two bars at the both ends. The bars are supported by four poles with orthogonal clamps, which can be loaded by weights to adjust the abrasion force. A synthesized rubber is selected as the material of the elastic pad, after experimental examination for synthesized sponge and urethane foam.
Experimental Results I
Experiments are performed using the polishing condition summarized in Table 1 . Polishing pressure is expressed in force by the mass of the weight including the press board, since pressure is difficult to estimate because the polished surface become wider as the polishing goes on. At-cut crystal blanks with a dimension of 3.2 × 1.4 × 0.11 mm (Global Co., Ltd.) are used for the experiments. Five blanks are arranged in the axial direction so that polishing dependence on the location can be evaluated. A plastic adhesive sheet (Fixfilm, Fujicopian Co., Ltd.) is used to fix the blanks. The sheet has a perpendicular and a shear adhesive force of 21.5 N/cm 2 and 16.5 N/cm 2 respectively, and a peeling Fig. 2 . Principle of the rotary cylinder polishing mechanism with arrayed crystal blanks. Fig. 3 . Outlook of the polishing mechanism for experiment.
force of 0.2 N/cm 2 , which enables stiff fixation during the polishing and easy peel after the fabrication. A 12 µm-thick PET film covers the adhesive sheet other than the blanks. And then, the adhesive sheet is fixed on the elastic pad just like Fig.4 by the both side adhesive tape. Wet abrasion with a water level of 2mm is used for the experiments, after the comparison of dry and wet abrasion, as a smoother cylinder rotation and a longer lifetime of the abrasive sheet can be obtained. Polishing dependence on processing time is evaluated by a stylus profiler on the center section of the blanks, which is shown in Fig.5 with the inner curves of the cylinder pipe. A rapid polishing from the corners dominates the polishing process and it can be finished with a chamfer of 15 µm within 10 min, and further polishing is no more effective, which seems to be attributed to loading of abrasive. Another evaluation using a beveled blank shape analysis system CA-11 (MAXIS 01 Corp.) is performed by taking interferograms of the polished blanks, in which the fringe pitch is interpreted as a height difference of 4 µm. analyzer R3754B (Advantest Corp.). Spectrums obtained for non-polished blank, conventional barrel polishing and finished by this mechanism are compared in Fig.7 , although the resonant frequency of (b) is different because of the blank thickness (4) (5) . While the conventional method achieved larger resonance magnitude with small sub-peaks, spurious peaks located more than 16 MHz in the proposed method are suppressed by the polishing, and main resonance becomes dominants, which shows the usefulness of the mechanism.
Polishing uniformity dependence on the blank location is also examined for the five blanks polished for 60 min. The variation of the chamfer is within 2 µm, which corresponds 33 ppm of the cylinder radius of 60 mm, however, it should be improved by more precise mechanism adding swing motion of the compression board for averaging. Although a faster abrasion time of 10 min for five blanks is accomplished, the exchange of the abrasive sheet become difficult for smaller radius of the cylinder, and this remains unsolved problem in this mechanism.
Belt Drive Mechanism
Principle of mechanism
For smaller blank size and surface radius, inner curve transform by the rotary barrel has an inconvenience in exchanging the abrasive sheet and insertion of the press board. A belt drive mechanism with a cylindrical vacuum chuck solved this problem, as the radius is adjustable by the chuck, and the belt is running outside of the cylinder, which enables an easier exchange of the abrasive sheet. Fig.8 illustrates the concept of the belt drive polishing mechanism. The blanks are arranged on the adhesive tape so that they make a series lineup just like reeled tapes used in the tape carrier packages. The tape is fixed on the cylinder by the vacuum chuck made by a porous metal foam. The cylinder is pressed onto the running belt orthogonally with an appropriate pressure for adjusting the contact force, while the tapes are fed step by step as the polishing goes on. By the mechanism, small radius transform can be obtained as well as the productivity.
Experimental Setup
An experimental setup is constructed to examine the feasibility of the belt drive concept, which is shown in Fig.9 . A geared ac synchronous motor (4GN3K, Oriental Motor Co., Ltd.) drives the belt by a pulley. A #600 green carbon abrasive PET film with a thickness of 75 µm (Nihon Micro Coating Co., Ltd.) is used for the belt, making a butt joint by an adhesive tape. A metal foam MA276 (Mitsubishi Materials Corp.) made of a corrosion and heat resistant nickel alloy with a nominal pour diameter of 50 µm and a porous ratio of 77 % is empirically selected as the material for the vacuum chuck. For the wet abrasion, water droplet with a volume of 0.2 mL is applied on the belt at the every start of the polishing. Other parameters used in the experiment is summarized in Table 2 .
Experimental Results II
In the experimental setup, the adhesive tape are fixed on the vacuum chuck directly without feeding motion only to examine basic abrasive characteristics. Quartz crystal blanks with a size of 1.5 × 0.9 × 0.113 mm is used for the experiments, which is one of the smallest size used for the barrel polishing at present. The cylinder radius is set to 40 mm, that is a typical value used in the barrel polishing for the blanks. In the experiment, one blank is set at the center of the chuck and polished in 10 s with a belt speed of 293 mm/s. The interferogram of the surface is compared in Fig.10 together with the frequency spectrums measured by a spectrum analyzer U-3751 (Advantest Corp.). The contour after abrasion looks like a plano-spherical rather than a plano-cylindrical expected. This is attributed to the running belt bend perpendicular to running direction because of the single blank arrangement. From the comparison of the spectrum charts, spurious elimination above 17 MHz and resonance enhancement are confirmed in the polished blank, although the resonant frequency is shifted slightly high because of the thickness reduction by the polishing. Form variation is examined by the beveled blank analyzer for 18 polished surface and standard deviation from the average is calculated from the data, which is shown in Fig.11 . The spikes are eliminated from the calculation because they are caused by the optical discontinuity that does not related to real surface. The standard deviation at the center section of the blanks is estimated to be 2.16 µm, which corresponds to 54 ppm of the cylinder radius. Fig. 9 . Experimental setup of the belt polishing. Experiment on simultaneous multi-blank polishing has been tested in the setup, however, more precise mechanism is required for this purpose.
Conclusion
Thus far, two types of polishing mechanism for quartz crystal blank are proposed for the reduction of the frequency spurious. Experimental setups are constructed for the demonstration of the principle usefulness of the proposed mechanism. By the first rotary barrel mechanism with the press board, the fastest process time of 10 min is obtained for simultaneous 5 blank polishing. Also by the belt drive mechanism, the shortest time of 10 s for single blank is obtained with the plano-spherical surface. Further improvements should be made on 1) improvement on blank positioning accuracy , 2) facility in blank array line up, 3) completion as a machine tool for the quartz industry. 
